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The goal of this project is to investigate the effect of unloading on the tendon-to-bone attachment at a number of
hierarchical scales. At the nanometer scale, I proposed to examine changes in the organization of the bone mineral
relative to the collagen fibrils with unloading via Transmission electron microscopy-electron energy loss spectroscopy
(TEM-EELS). At a scale on the order of micrometers, I was interested in employing Raman and high-energy nano-x-ray
diffraction (XRD) to identify modifications made to the mineral content, composition, structure and organization in the
interfacial tissue. Micro-mechanical testing would be employed to examine changes in the mechanics at the micron
scale. At the millimeter scale. Micro-computed tomography (LCT) and tensile testing were employed to determine the
effects of unloading on bone quantity and quality and tissue mechanics.

In the past two years, significant discoveries have been made explaining how the structure and mechanics of the
tendon-to-bone attachment vary with unloading. Botulinum Toxin A (Btx) injections into the supraspinatus muscle were
employed as an Earthbound model of disuse and unloading. At the millimeter scale, I found that 3 weeks of unloading
resulted in a ~30% loss in bone volume as measured by nCT. Surprisingly, this loss was accompanied by a significant
increases in tendon elastic modulus. This change in modulus is likely due to a changes in the soft tissue composition
during unloading or structural changes at lower hierarchical scales. The tendon-to-bone attachment exhibits a gradient in
mineral content at the micrometer scale. The width of this mineral gradient remains unaffected by unloading. However,
nano-XRD studies indicate that the gradient region exhibits a variety of changes in mineral organization and structure.
Traversing from the unmineralized tendon to the mineralized bone, the mineral crystals exhibit increased size,
alignment, and compressive strain in both control and unloaded samples. However, unloading results in greater
misalignment of the mineral crystals and smaller crystal sizes. Inputting these changes in crystal size and alignment into
a basic rotational model it was determined that unloading leads to a decrease in work of rotation with unloading, leading
to a decrease in tissue toughness. Raman measurements of the mineralized tissues showed that the mineral composition
is modified due to unloading resulting in a decrease in carbonate substitution in the mineral structure. Together these
results show that the effects of unloading are not limited to a single hierarchical scale but affect the interfacial tissue at a
number of length scales. By understanding what structural and mechanical features are modified by unloading we can
better focus our efforts when developing strategies for injury prevention and repair.

For the next year, I will continue to examine the structure and mechanics across the length scales. I have established a
collaboration with Prof. Anthony Lau at the College of New Jersey examining the structural efficiency of the bone
architecture. Comparing Btx treated samples to space flight samples will serve to validate Btx treatment as a
microgravity analogue.

To better understand the increased modulus of the tendon-to-bone attachment I am also undertaking a study examining
changes to the failure mode and failure area with unloading. Finally, at the nano-meter scale, we have preliminary
evidence that mineral crystals are located both within and on the surface of collagen fibrils in regions of high
mineralization but become uniquely extra-fibrillar with decreased mineralization. Samples have been embedded and
sectioned to perform a full study examining nano-scale mineral distribution via TEM-EELS. I believe that we will see a
decrease in extra-fibrillar mineral with unloading which would help explain the decrease in crystal size seen by XRD.

Rotator cuff tears are extremely prevalent, especially in the elderly population (~50% prevalence in individuals over 80
years). Even in the best of situations these tears are difficult to repair with a failure rate for repaired rotator cuffs as high
as 94%. Rotator cuff tears tend to occur at the interface between tendon and bone. Such interfaces between dissimilar
materials are prone to stress concentrations and increased failure risk. In healthy tissue, a number of structural
mechanisms such as gradients in mineral content, collagen orientation, and matrix composition serve to dissipate these
stress concentrations. The increased occurrence of rotator cuff injuries in the elderly population suggests that there may
be changes in the interfacial structure due to unloading as a result of disuse or decreased use of the shoulder.
Understanding how changes in the enthesis structure affect the mechanics of the insertion in loaded and unloaded
systems will help us to develop enhanced techniques for treatment and repair. Therefore, the research performed in this
project will not only help the astronaut population, but will also provide essential information in regards to the
mechanics of rotator cuff tissues and how they respond to use and disuse.

This project focuses on examining the mechanical and structural changes induced in the tendon-to-bone attachment
during unloading at multiple length scales. This includes examining the tensile mechanics and bone structure at the
millimeter scale, the micro-mechanics and mineral organization, composition and structure at the micrometer scale, and
the mineral organization relative to the collagen at the nano-meter scale. In the past year I have focused specifically on
changes to the attachment at the millimeter and micrometer scales. In all cases, I employed injections of Botulinum
Toxin A (Btx) in the supraspinatus muscle, which induces local paralysis, as an analogue for unloading and
microgravity. Significant bone loss due to unloading was measured via uCT. Tensile testing of the loaded and unloaded
samples indicated that there is a significant increase in the attachment modulus. Further work to explain this increase in
stiffness by examining failure modes and failure area is currently underway.

At the micrometer scale, I was interested in examining the gradient region of the tendon to bone attachment where the
composition transitions from fully mineralized to unmineralized. X-ray fluorescence and Raman spectroscopy results
both indicate that there is no change in the width of this graded region with unloading. However, the composition,
structure, and organization of the mineral crystals in the graded region is modified. Nano-X-ray diffraction
measurements performed across the graded region show that trends in the mineral size, orientation and stiffness are the
same for loaded and unloaded samples. Moving from the unmineralized to mineralized regions of the attachment the
crystal size, compressive residual strain, and crystal alignment increase. However, the unloaded samples exhibit greater
misalignment and decreased crystal size. Rotational models showed that these changes induced by unloading resulted in
a decreased work of rotation upon loading suggesting a decrease in toughness.

At the nanometer scale, Transmission Electron Microscopy—Electron Energy Loss Spectroscopy (TEM-EELS) has been
used to examine the location of mineral crystals relative to the collagen fibrils in healthy tendon-to-bone attachments. I
intend to pursue this preliminary study to understand how unloading modifies the nano-structure of the tendon-to-bone
attachment. Together, the results gathered in the past year provide important information in understanding what features
of the tendon-to-bone attachment are affected by unloading. This understanding will allow us to better focus our efforts
when developing strategies for reducing rotator cuff tears and other musculoskeletal injuries.
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